We have studied the effects of ATP and ADP on the oxidation of malate by coupled and uncoupled mitochondria prepared from etiolated hypocotyls of mung bean ( Vigna radiata L.).
were not observed by Bowman and Ikuma (2) .
Recent studies on soluble malate-dehydrogenase preparations derived from mung bean mitochondria have demonstrated that this enzyme is inhibited by ATP at physiological pH values (15) . The current investigation was carried out on isolated mitochondria in an effort to ascertain whether the effects of adenine nucleotides on malate oxidation are mediated exclusively by control of electron transport, or whether more direct effects of adenine nucleotides on the malate-oxidizing enzymes may be involved. The results suggest that, whereas the ADP effects may be exerted primarily through the control of electron transport (cf. 2) , ATP can strongly regulate malate oxidation by affecting directly the activity of one or both of the enzymes responsible for malate oxidation.
MATERIALS AND METHODS
Growth of Plants. Mung bean seeds ( Vigna radiata L.) were washed in concentrated NaOCI and rinsed in tap water. The seeds were soaked for 8 to 12 h in distilled H20 and sown onto the surface of moist 'Perlite' (Silvaperl Products Ltd., Harrogate, Yorks, U.K.). The seedlings were grown in the dark at 25C and harvested after 5 to 7 d.
Preparation of Mitochondria. Washed mitochondria were prepared by a modified method of Douce et al. (7) . Etiolated mung bean hypocotyls (100-200 g, 5-7 d old) were harvested and placed into 100 to 200 ml of chilled extraction medium containing 300 mM mannitol, 20 mM MOPS3, I mM EDTA, 2 mm 2-mercaptoethanol, and 0.1% BSA, adjusted to pH 7.5 with 5 N NaOH. The material was homogenized at low speed for 10 s in a MSE Atomix blender. The homogenate was squeezed through six layers of cheesecloth and centrifuged for 15 min at 1500g in a Sorvall RC-5B centrifuge. The supernatant was centrifuged at I 0,000g for 20 min and the pellet was washed by resuspending in 40 ml washing medium containing 300 mM mannitol, 10 mM MOPS, I mM EDTA, 0.1% BSA, adjusted to pH 7.2 with 5 N NaOH. The suspension was then centrifuged at 10,000g for 15 min. The final pellet was resuspended in a few drops of washing medium to give a final protein concentration of 20 to 40 mg/ml. All operations were carried out at 0 to 5°C. 02 Uptake Measurements. 02 uptake was measured at 25C using a Clark-type O2 electrode (Rank Ltd). The standard reaction medium (electrode medium) contained 300 mm mannitol, 10 mM KH2PO4, 10 mM KCI, 5 mM MgCl2, 10 mm MOPS, and 0.1% BSA, (pH 7.2).
Assay of Metabolic Products. Mitochondria were incubated at 25C in a stirred cell containing electrode medium. Reaction 'Abbreviations: MOPS, (3-N-morpholino)propanesulfonic acid; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl hydrazone; TPP, thiamine pyrophosphate. mixtures are described in the appropriate figure legends. One-ml aliquots were removed at timed intervals and added to 0.2 ml of cold 3 N HC104. The extract was centrifuged for 5 min at 10,000 g in a Beckman microfuge model B at 4°C. The Figure 1 shows the effects of I mM ADP and ATP on oxygen uptake and on pyruvate and oxaloacetate production by coupled mitochondria oxidizing 10 mM malate at pH 7.2. Pyruvate and oxaloacetate were the only products of malate oxidation, as found in several previous studies. It is thought that a deficiency of TPP prevents the further oxidation of pyruvate by the pyruvate dehydrogenase complex, so that a lack of acetyl-CoA prevents conversion of oxaloacetate to citrate (12) . Citrate levels were always less than 3 nmol/mg protein and probably represented endogenous pools. No 2-oxoglutarate was detected in the extracts. Total oxygen consumption approximated the sum of pyruvate and oxaloacetate formed, which accords with the observation that these were the only products of malate oxidation.
ADP (I mM) stimulated oxygen consumption (Fig. IC) and increased the production of both pyruvate and oxaloacetate (Fig.  I, A and B). ATP (I mM) had no effect on oxygen consumption (Fig. IC) , but pyruvate production was increased and oxaloacetate production was correspondingly decreased after ATP addition (Fig. 1, A [14] .) Samples were taken 5 min after the addition of adenylates.
As expected, neither ATP nor ADP had any effect on oxygen uptake in uncoupled mitochondria (Fig. 4) . The products of malate oxidation were, however, altered by ATP under these conditions. Pyruvate production and oxaloacetate production were virtually unaffected by ADP addition to uncoupled mitochondria. However, ATP (I mM) decreased oxaloacetate production and increased pyruvate production in uncoupled mitochondria (Fig. 3) . Figure 5 shows the effect of ATP on malate oxidation when oligomycin was added to inhibit oxidative phosphorylation and mitochondrial ATPase activity (without uncoupler). Owing to the low rates of electron transport, the level of products is considerably lower in the presence of oligomycin alone than in the uncoupled mitochondria (Fig. 3) . ATP (1 mM) markedly inhibited the rate of oxaloacetate production and stimulated pyruvate production when oligomycin was present.
DISCUSSION
The above results show that both ATP and ADP can alter the rates and products of malate oxidation in isolated mitochondria. Since ADP increases the rate of electron transport and oxygen uptake in coupled mitochondria (3), higher rates of NADH oxidation will take place so that intramitochondrial NADH levels decrease and NAD+ increases (16) . The equilibrium position of the malate dehydrogenase reaction is such that oxaloacetate production would be favored when NADH levels are low in the mitochondrial matrix (2, 16) . Therefore, in coupled mitochondria, ADP can control malate oxidation by regulation ofelectron transport activity. Although ADP might conceivably have additional direct effects on malate dehydrogenase and/or malic enzyme activities, there are no known reports of major ADP effects on malate dehydrogenase or malic enzyme from plant mitochondria. Only a very slight ADP stimulation of malic enzyme has been reported (5). The possibility that ADP activation of malic enzyme is responsible for the increase in pyruvate production which resulted from the addition of ADP to coupled mitochondria ( Fig. 1) is not supported by the finding that pyruvate production was virtually unaffected by ADP in the uncoupled mitochondria (Fig. 3) . Likewise, the ADP-induced increase in oxaloacetate production exhibited by coupled mitochondria (Fig.  1) was clearly abolished when FCCP and oligomycin were present and the mitochondria were uncoupled.
Sotthibandhu and Palmer (13) observed a stimulation of endogenous NADH oxidation by adding ADP or AMP to uncoupled mitochondria. They concluded that AMP activated the flow of electrons from endogenous NADH to Cyt b, possibly at the level of the internal NADH dehydrogenase.
The observation (Fig. 2B ) that the uncoupled rate of oxygen uptake was somewhat less than the state 3 rate has been reported elsewhere (9, 1 1). This effect is observed only when endogenous NADH is oxidized (e.g. with malate as substrate). Addition of ADP prior to uncoupling resulted in attainment of the state 3 rate (data not shown). It is possible that this 'conditioning' effect of ADP (9) may be associated with a control of the internal NADH dehydrogenases (12) . In the present study, we observed no stimulation in the rate of malate oxidation when ADP was added after uncoupling the mitochondria. We therefore conclude that the most straightforward explanation for the increase in oxaloacetate and pyruvate production brought about by ADP in coupled mitochondria is that it is primarily due to increased electron transport activity (2) .
Bowman and Ikuma (2) concluded that the increase in pyruvate production and the decreased production of oxaloacetate brought about by ATP in coupled mitochondria could, like the effects of ADP, be due principally to sg/ml oligomycin. The experimental procedure was the same as in Figure   3 except that 0.8 jM FCCP was omitted. (0), Oxaloacetate; (U), pyruvate.
competitive with respect to NAD+ at pH 7.2 (15) .
We therefore believe that ATP control of the products of malate oxidation can be explained in considerable part by the ATP inhibition of malate dehydrogenase. The possibility that the malic enzyme is additionally stimulated by ATP is not ruled out. We have observed some stimulation of malate decarboxylation when ATP is added to soluble extracts of sonicated mitochondria (14; Tobin and Givan, unpublished observations). Although an apparent stimulation in malic enzyme activity could be the result of increased substrate availability when malate dehydrogenase is inhibited by ATP, control of malate transport by ATP is an unlikely explanation for the change in products formed by intact mitochondria. Whatever the effect of ATP on malic enzyme may be, there is a very significant increase in the proportion of pyruvate produced during malate oxidation in the presence of ATP.
The findings reported here provide an indication that there may be a physiological switch mechanism leading to elevated rates of pyruvate production via NAD-malic enzyme when cytoplasmic ATP levels are high. This switch may be especially important when there is inhibition of pyruvate-kinase-mediated production of pyruvate from the glycolytic pathway. High cytosolic ATP levels may inhibit pyruvate kinase (17) , but pyruvate production from malate via malic enzyme may be promoted. The regulation of oxaloacetate levels by ATP may also play a significant role in controlling the entry of carbon into the tricarboxylic acid cycle via citrate synthase (cf 19, 20) .
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